We report a detailed examination the magnetic structure of anhydrous cupric chloride CuCl 2 carried out by powder neutron diffraction, magnetic susceptibility and specific heat measurements on polycrystalline and single crystal samples as well as an evaluation of the spin exchange interactions by first principles density functional theory (DFT) calculations. Anhydrous CuCl 2 shows one dimensional antiferromagnetic behavior and long range antiferromagnetic ordering below a Néel temperature of 23.9 K. Neutron powder and single crystal diffraction reveal that, below 23.9 K, CuCl 2 undergoes a phase transition into an incommensurate magnetic structure (propagation vector (1,0.2257,0.5) with a spin-spiral propagating along b and the moments confined in the bc crystallographic plane. Our DFT calculations show that the spin-spiral results from competing ferromagnetic nearest neighbor and antiferromagnetic next-nearest neighbor spin-exchange interaction along the spin chains. Implications for possible multiferroic behavior of CuCl 2 are discussed.
I. INTRODUCTION
Cupric chloride CuCl 2 has a crystal structure in which layers of composition CuCl 2 stack along the c-direction with van der Waals interactions between them. Each CuCl 2 layer consists of CuCl 2 ribbons made up of edge-sharing CuCl 4 In the present work we examine the magnetic structure of CuCl 2 in detail by powder neutron diffraction, magnetic susceptibility and specific heat measurements as well as by evaluating its spin exchange interactions on the basis of first principles density functional DFT calculations.
II. EXPERIMENTAL
Single crystals of CuCl 2 were grown in quartz glass ampoules by the Bridgman technique using commercially available powder (Alfa Aesar, ultra dry, purity 99.995%). Special care was taken in the design of the ampoules to support the elevated vapor pressure of chlorine above the melting point of CuCl 2 . Well-crystallized needle-shape crystals, obtained with the needle axis oriented along the crystallographic b axis were found to be twinned in the ac-plane. Due to the moisture sensitivity of CuCl 2 all handling of the samples was done in an Ar filled glove box. Temperature and field dependent magnetizations (0 T < B ext < 7 T)
were measured using a superconducting quantum interference device magnetometer (MPMS, Lusk Boulevard, San Diego, CA.) employing the relaxation method in magnetic fields up to 9 T aligned parallel and perpendicular to the crystal b axis. To thermally anchor the crystals to the heat capacity platform, a minute amount of Apiezon N grease was used. The heat capacity of the platform and the grease was determined in a separate run and subtracted from the total heat capacity. The heat capacity of powder samples (m ∼ 300 mg) was measured in a home-built fully automatic Nernst-type adiabatic calorimeter similar to that described in detail in Refs. 5, 6 . The powder samples were encapsulated in Duran glass flasks under ∼ 900 mbar 4 He atmosphere to enable rapid thermal equilibration. The flasks were attached with a minute amount of Apiezon N vacuum grease to the sapphire platform which carries an deposited thin-film stainless steel heater and a calibrated Cernox CX-1050-SD thermometer (Lake Shore Cryotronics, Inc. 575 McCorkle Blvd. Westerville OH 43082). The heat capacities of the sapphire sample platform, the glass flask and the Apiezon vacuum grease were determined in separate runs and subtracted from the total heat capacity. EPR spectra
were measured with a Bruker ER040XK microwave X-band spectrometer and a Bruker BE25 magnet equipped with a BH15 field controller calibrated against DPPH. A stepper-motorcontrolled goniometer was used to rotate the crystals around an axis perpendicular to the magnetic field plane. The crystals were oriented optically with a precision of ∼ ±5 o . 100 kHz field modulation was used to record the first derivative of the signal intensity. The spectra were fitted to a resonance curve with Lorentzian lineshape (zero dispersion) by varying the resonance position as well as the linewidth, intensity and background parameters.
Powder neutron diffraction patterns were collected on the high-intensity two-axis diffrac- chains running along the crystallographic b axis. Such slabs are interconnected along the c axis via van der Waals contacts (cf. Figure 1 ).
To confirm the crystal structure details of CuCl 2 and to search for structural phase transitions at low temperatures, we collected a series of neutron diffraction patterns on the diffractometer D20 at temperatures 2 K < T < 50K. Patterns with sufficient intensity but improved resolution were collected using neutrons with a wavelength of λ = 1.88Å
(Ge monochromator) suitable for Rietveld profile refinements. These were done with the FullProf program package 11 . The patterns were refined assuming the space group C2/m with the Cu atoms in the Wyckoff position (2a) (0,0,0) and the Cl atoms in the position (4i) (x,0,z) using a slightly asymmetric pseudo-Voigt profile shape to model the Bragg reflections.
Within experimental error the atom coordinates x and z for the Cl atoms are independent of the temperature and amount to x=0.5065(2) and z=0.2365(3). Figure 2 displays the experimental pattern collected at 42.9 K and the results of the Rietveld refinement (λ=1.88 A ). Apart from changes in the lattice parameters, the structure remains unchanged with respect to the room temperature crystal structure of CuCl 2 described by Wells and Burns et al.. 9, 10 The atom position parameters show no noticeable difference to those of the room temperature structure. The structure parameters at 2.5 and 42.9 K are summarized in Table   I .
The temperature dependence of the lattice parameters is displayed in Figure 3 . The lattice parameters show a monotonic decrease with temperature. Below ∼ 15 K they level off and remain constant to the lowest temperatures. Near ∼ 24 K, especially c and β, exhibit noticeable changes in the slope, which indicate a magnetoelastic response of the lattice to the onset of long-range AFM ordering, as is evidenced by our magnetization and heat capacity experiments discussed in the following paragraphs.
Single-crystal x-ray diffraction on crystals of CuCl 2 were carried out using a laboratory based diffractometer (PDS II, Stoe & Cie., Darmstadt, Germany). These measurements confirmed the crystal structure determined from neutron powder diffraction and showed the crystals to be twinned in the ac-plane. 
The twinning reverses the b-axis and rotates the the axes in the reciprocal space, such that twin-related axes enclose an angle of 180 o -β ≈ 57 o .
IV. MAGNETIC PROPERTIES
A. Magnetic Susceptibility Measurements Figure 4 displays the magnetic susceptibility of a polycrystalline sample of CuCl 2 . The susceptibility is characterized by a broad maximum centered at ∼ 70 K and a Curie-Weiss law (Eq. (5) behavior at high temperatures (see the detailed discussion of the susceptibility measurement on a crystal below) with a negative Curie-Weiss temperature of ∼ -60 K and Figure   4 from which the Néel temperature T N is determined to be 23.9(3) K. T N coincides with the anomalies observed in the temperature-dependence of the lattice parameters ( Figure 3 ).
When fitting a Curie-Weiss law to the high temperature data of the powder susceptibility it is found that the fitted parameters (the slope of the reciprocal susceptibility i.e. the effective magnetic moment, and the intercept) are strongly correlated and depend essentially on temperature-independent contributions to the susceptibility (diamagnetic and Van Vleck susceptibilities).
In order to obtain a reliable fit of the magnetic susceptibility of CuCl 2 over a wide temperature range and as well as the temperature independent diamagnetic and paramagnetic corrections to the susceptibility we determined the magnetic susceptibility on a crystal (B ext =1T b) up to 600 K. At high temperatures the magnetic susceptibility follows a
Curie-Weiss law as demonstrated by the plot of the reciprocal susceptibility in Figure 5 . Deviations from the Curie-Weiss law are seen already at temperature below ∼ 175 K.
At high temperatures, besides the spin susceptibility, χ spin (T ), temperature independent diamagnetic orbital contributions, χ dia , from the core electronic shells and the Van Vleck 
where N A is Avogadro's constant and ∆ = 10|D q| is the energy separation of the d orbital states in a cubic crystal field, which amounts to approximately 25×10 3 cm −1 . With we used an alternative method to determine the temperature independent contributions χ 0 : In order to perform this analysis, we assume that the magnetic susceptibility of CuCl 2
can be described by a sum of the temperature dependent spin susceptibility χ spin (T ) and a temperature independent contribution χ 0
where χ 0 is composed by the sum of the diamagnetic and the Van Vleck contribution according to
At sufficiently high temperatures, T >> θ, the spin susceptibility χ spin (T) can be approximated by a Curie-Weiss law according to
When fitting the high temperature susceptibility to the sum of equations (4) and (5) it is found that the fitting parameters, g, χ 0 and θ, are strongly correlated, and meaningful results cannot be obtained without fixing one of them. In order to reduce the number of parameters we therefore determined the g-factor, g b independently by an EPR experiment on a crystal (see below) to g b = 2.050(1). The EPR experiment also revealed that our CuCl 2 crystals consist of mirror twins in the ab crystallographic plane with the mirror twins having the same b axis. By using g b = 2.05 and fitting Eq. (3) to the (uncorrected) susceptibility data for T > 150 (see Figure 5 ), we determine the following parameters: 
C. Electron Paramagnetic Resonance Measurements
In order to determine the g-factors along the principal axes of the g-tensor we carried out EPR measurements on small crystals of CuCl 2 at room temperature at a microwave frequency of 9.46 GHz (X-band) (resonance field ∼ 0.33 T). In a monoclinic system, one principal axis of the g-tensor is fixed by symmetry and oriented parallel to the twofold axis, i.e. the crystallographic b axis for CuCl 2 . The remaining two principal axes of the g-tensor lie within the ac plane. To obtain the g-factor along b, a crystal was oriented with the b-axis within the magnetic field plane. Rotation was carried out around an arbitrary axis perpendicular to b. A single resonance line is observed. Figure 8 shows the angular dependence of the g-factor obtained from fits of a field derivative of a Lorentzian to the resonance line.
The angular dependence of the g−factor shows the typical oscillating behavior. The minima occur when the field is oriented parallel to the b axis. The g-factor with field oriented parallel to the b-axis amounts to
The linewidths of the resonance lines exhibit angular dependence and they vary between 20 mT and 40 mT due to small anisotropic exchange components. 5 Details will be discussed in a forthcoming paper.
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If the magnetic field was oriented in the ac plane of the crystal (rotation around b-axis),
we observed an EPR spectrum that consists of two overlapping resonance lines, indicating that the crystals were twinned. The resonance fields and the linewidths of each line and the The principal g-factors, g 1 and g 2 were determined by comparing the results with the general angular dependence of the g-factor for an axial system (Ref. 16 )
where φ is the angle between the external field and the direction of the principal axis 1. φ 0 is a phase factor adjusted individually for each individual crystal.
The solid lines in Figure 10 were calculated according to Eq. (6) using
With g b = 2.050(1), these values result in an average g-factor of
This valueis in good agreement with the g-factor obtained from the powder susceptibility measurement (see. Figure 4 ). The deviation of the g-factors of the ground state of a 3d 9 configuration in octahedral field with tetragonal splitting from the g-factor of the free electron is determined by the spin-orbit coupling parameter λ = -ζ/2S, where ζ is the one-electron spin-orbit coupling parameter and S=1/2. For Cu 2+ ζ amounts to 829 cm −1 (Ref. 16 ) and the deviations from the free electron g-factor are given by Table I ). This finding indicates that CuCl 2 crystals generally are twinned with the twins related to each other by a mirror symmetry operation with the mirror symmetry plane in the ac plane making the crystals to appear pseudo-hexagonal. This finding becomes essential for the assignment of the propagation vector of the magnetic structure from elastic neutron diffraction on CuCl 2 crystals.
V. THERMAL PROPERTIES A. Heat Capacity Measurements
The heat capacity of anhydrous CuCl 2 has been determined before by Stout and Chisholm The total heat capacity, C p , of CuCl 2 contains the spin (magnetic) and contributions from the phonon system (lattice contribution) according to
In order to separate the magnetic contributions, C mag , from the total heat capacity of greater than that of CuCl 2 . A detailed discussion how to construct an adequate lattice reference for CuCl 2 and the magnetic contributions to the heat capacity of CuCl 2 will be given in Section VIII. In order to obtain the temperature dependence of this first magnetic Bragg reflection, we collected a series of patterns between 2 K and 45 K in the D20's higher resolution mode using a wavelength of λ=1.888ÅṪhe difference between the pattern collected at the respective temperatures and the pattern at 28.9 K was fitted to a Gaussian the intensity of which is displayed versus temperature in Figure 14 .
The temperature dependence of the integrated intensities can be well fitted by a critical power law according to Eq. (10) with the critical exponent β
A fit of the integrated intensities converges to a Néel temperature T N =24.7(1) K consistent with the magnetic susceptibility and the heat capacity and a critical exponent β=0.16 (1) (see Figure 14(a) ). The difference between the 2 K and the 30 K powder diffraction patterns (lower panel of Figure 13 ) reveals an additional weak triple of magnetic Bragg reflections between 32 o and 37 o with a peak shape very similar to those of neighboring nuclear reflections. Additionally, the difference patterns allows one to identify magnetic scattering around a scattering angle of ∼70 o .
All magnetic Bragg reflections can be indexed with a propagation vector (1, 0.225,0.5) indicating a doubling of the magnetic cell along the c axis and an incommensurate AFM ordering along b (see Figure 15 ).
The magnetic structure of CuCl 2 was refined using the D20 2 K and the difference powder diffraction data sets using the program Fullprof. In order to obtain reliable parameters for the nuclear structure (nuclear scale factor, profile parameters), we first refined the 2 K pattern assuming nuclear scattering only. Since magnetic scattering is very small this refinement converges well and provides the lattice and profile parameters and the scale factor. Subsequently a difference pattern obtained by subtracting the 30 K pattern from the 2 K pattern was used to refine the magnetic structure on the basis of the propagation vector and the nuclear scale factor, which was kept fixed in the refinements. The background of the difference pattern was chosen manually and subtracted. The refinement based on 18 magnetic reflections was successful assuming the nuclear space group C1 and a helix with the moments confined to the bc plane. Several tests were carried with the moment directions pointing in a more general direction out of the bc plane but did not lead to significantly improved fits.
Assuming this model for the magnetic structure the ordered moment at 2 K converged to µ(2K) = 0.50(1)µ B .
The propagation vector τ at 2 K was refined to τ (2K) = (1, 0.2257(6), 0.5)
implying an angle of 81.2(3) o between neighboring moments along the chain. Figure 16 displays the magnetic structure of CuCl 2 at 2 K. 
VII. DENSITY FUNCTIONAL CHARACTERIZATION OF THE SPIN EX-CHANGE INTERACTIONS AND THE SPIN-SPIRAL STATE
To discuss the magnetic structure of CuCl 2 , we consider the intra-chain and the interchain spin exchange interactions defined in Figure 17 . J 1 and J 2 are the NN and NNN intra-chain spin interactions, respectively. J 3 and J 4 are the inter-chain spin exchange interactions along the c-direction, and J 5 is that along the a-direction. The structural parameters associated with the spin exchange paths J 1 -J 5 are summarized in Table II .
To estimate the spin exchange parameters J 1 -J 5 , we first determine the total energies of the six ordered spin states of CuCl 2 presented in Figure 18 on the basis of first principles density functional theory (DFT) electronic band structure calculations. Our DFT calcula- Hamiltonian,
(1) where Figure 18) are written as
By mapping the relative energies of the six ordered spin states given in terms of the spin exchange parameters to the corresponding relative energies obtained from the GGA+U calculations, we obtain the values of the spin exchange parameters J 1 -J 5 summarized in Table IV .
For all values of U employed, the two strongest spin exchange interactions are the intrachain interactions J 1 and J 2 . As found for the magnetic oxides with CuO 2 ribbon chains, (Ref. 33,34) J 1 is ferromagnetic while J 2 is antiferromagnetic with J 2 larger in magnitude than J 1 . As a consequence, the intra-chain spin exchange interactions are geometrically frustrated. Except for J 3 , the inter-chain spin exchange interactions are negligible; J 3 is antiferromagnetic and is weaker than J 2 by a factor of approximately four. Because of the intra-chain spin frustration, the magnetic ground state of each CuCl 2 chain is expected to be a spin-spiral state with a certain incommensurate repeat vector q y along the chain direction, i.e., the b-direction. The inter-chain spin arrangement is expected to be antiferromagnetic along the c-direction due to the spin exchange J 3 . Our calculations of the energy E (0, q y , 1/2) as a function of the modulation wave vector q = (0, q y , 1/2) shows a minimum at q y ≈ 0.22.
The magnetic state with the spin-spiral arrangement removes inversion symmetry and hence should induce ferroelectric polarization. To confirm this prediction, we carried out GGA+U plus spin-orbit coupling (SOC) (Ref. 35 ) calculations for CuCl 2 that has the commensurate spin-spiral arrangement with q = (0, 0.25, 0) to reduce the computational task.
Indeed, our calculations of the ferroelectric polarization using the Berry phase method (Ref.
36,37) for the spin-spiral state of CuCl 2 determined by the GGA+U+SOC calculations lead to nonzero ferroelectric polarizations; with the spin-spiral plane parallel ( ) and perpendicular (⊥ ) to the CuCl 4 ribbon plane, the x-, y-and z-components of the polarizations are calculated to be P = (-44.5, 0, 71.6) and P ⊥ = ( 5.8, 0, 28.3) in units of µC/m 2 .
VIII. EXPERIMENT VERSUS THEORETICAL RESULTS
In the following we will compare the implications of the theoretical results for the magnetic susceptibility and the thermal properties. The calculations indicate that the intra-chain exchange is dominant and that the magnetic properties of CuCl 2 have to be described as those of a S=1/2 frustrated Heisenberg chain with FM nearest and AFM NN interaction.
According to the calculations, the ratio J 1 /J 2 is negative and is expected to be of the order of ∼ -0.5 to -0.75. Additionally, there is small but noticeable inter-chain interaction being dominant along the c axis that leads to cooperative AFM ordering and the AFM arrangement along the c direction with the doubling of the magnetic unit cell along c. 
The leading intra-chain exchange J ⊥ is provided by J 3 (see Table III and Figure 14 ) and amounts to about 20% of the next-nearest exchange J 2 along the chain. Including intra- chain exchange according to Eq. 13 renormalizes the calculated susceptibilities by about 8%
near the maximum at ∼73 K. At room temperature the decrease amounts to ∼4%. Figure 19 shows the comparison of the spin susceptibility of CuCl 2 as determined in this work with the inter-chain exchange corrected susceptibility of a Heisenberg chain with NN and NNN exchange interaction J 1 and J 2 , respectively.
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According to this comparison the magnetic susceptibility of CuCl 2 is best reproduced by an inter-chain exchange corrected susceptibility of a Heisenberg chain with NNN exchange interaction J 2 =-117 K and a ratio α ≈ -0.25, i.e., ferromagnetic nearest neighbor exchange as predicted by the DFT calculations. However, the ratio α is markedly smaller than predicted by the DFT calculations (see Table III ). Including inter-chain exchange interaction is essential to reproduce the measured susceptibility correctly.
B. Magnetic Heat Capacity
The magnetic contributions to the heat capacity of CuCl 2 has been evaluated before by Stout and Chisholm and subsequently by Billerey and coworkers. 3, 18 Our measurements confirm (see Figure 11 (a)) their peak-anomaly at ∼23 K indicating long-range AFM ordering.
Our data agree very well with those of the previous works, and the anomaly is somewhat sharper in our experiment possibly due to the fact that polycrystalline samples have been used before. The magnetic heat capacity of CuCl 2 obtained after subtracting the phonon contributions is shown in Figure 20 with exchange parameters J 1 and the ratio J 2 /J 1 similar to those discussed for the magnetic susceptibility. 38, 42 Both chain models deviate significantly from the experimental data.
Surprisingly good agreement of the broad magnetic heat capacity anomaly is obtained for a simple model assuming a spin S=1/2 dimer according to 
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The magnetic susceptibility data indicate the importance of inter-chain interaction, which according to the electronic structure calculation amounts to ∼20% -30% of the intra-chain interaction. Interchain interaction decreases the temperature for the short-range order maximum and provides a better agreement of experimental data and theoretical prediction (Figure 19 ).
Particularly surprising and striking are the deviations of the short-range ordering contributions to the magnetic heat capacity for CuCl 2 and the heat capacity expected for a S=1/2 quantum chain with FM NN and AFM NNN exchange interactions (see Fig. 20(c) ). The short-range order contributions match significantly better with a S=1/2 dimer singlet-triplet excitation scenario with AFM exchange ∼ -117 K corresponding to the exchange found for the NNN interactions along the ribbons. We believe that this coincidence is due to the competing intra-chain competing interactions and the additional AFM inter-chain coupling.
The magnetic configuration energy U mag measures the short-range pair correlation function according to (cf. e.g. Ref. 12)
where the subscript 1 denotes a spin adjacent to 0. Thus U mag and the magnetic heat capacity dU mag /dT in a frustrated chain system with coupling to neigboring chains may primarily sense magnetic correlations in a short-ranged cluster in which the configuration energy is determined by the leading AFM exchange to NNN spins.
In summary, anhydrous CuCl 2 shows 1D AFM behavior and long range AFM ordering below a Néel temperature of 23.9 K, below which CuCl 2 adopts an incommensurate magnetic structure (1,0.2257,0.5) with a spin-spiral propagating along b and the moments confined in the bc crystallographic plane. The spin-spiral results from competing FM NN and AFM NNN spin exchange interactions along b. Anhydrous CuCl 2 is the first halide quantum system containing CuCl 2 ribbon chains for which a helicoidal magnetic ground state is realized, and is expected to be ferroelectric below 23.9 K.
